Background: Recently, new polymorphisms were described in connection with intermediate and ultrarapid CYP2D6 metabolism. These may allow a much desired prediction of metabolic activity within the extensive metabolizer group. The functional consequences are still being discussed with few data available for clinical patients. Methods: We conducted a prospective, blinded twocenter study seeking correlations between CYP2C19 (*2,*3, and *4; conventional PCR) and CYP2D6 genotypes (*1 to *10, *35, and *41; real-time and multiplex PCR) and drug concentrations (Emit ® and HPLC) in 50 Caucasians receiving amitriptyline (AT; 75 mg twice a day). Results: Eighteen CYP2C19 heterozygotes (*1/*2) had higher AT (P ‫؍‬ 0.033) and lower nortriptyline (NT; P ‫؍‬ 0.059) concentrations than 30 homozygotes (*1/*1). For CYP2D6, we calculated two new indices, i.e., the allelespecific change of concentration on identical background (ASCOC) and a quantitative functional gene
TCAs show a narrow therapeutic range and produce considerable toxicity at increased concentrations, leading to severe side effects. Concentrations below the therapeutic range may be ineffective in antidepressive treatment (2 ) .
The major metabolic pathway for amitriptyline (AT) starts with demethylation to nortriptyline (NT), mainly by CYP2C19 (3 ) . NT is an active compound on its own, which is the reason that the sum of the concentrations of the parent substance and the primary metabolite is used to guide AT therapy. Consecutively, NT is hydroxylated by CYP2D6, yielding 10-OH-NT, a compound generally not believed to contribute significantly to the effects of AT therapy.
Alternative minor pathways described for the metabolism of AT may be primary hydroxylation by CYP2D6 to 10-OH-AT and the involvement of CYP1A2, CYP2C9, and CYP3A4 in demethylation. These pathways, in particular CYP3A4, may be more important at higher concentrations (3 ) . CYP2C19 and CYP2D6 are highly polymorphic, leading to a wide range of enzymatic activities, from absent to normal or even increased activity. On the basis of metabolic activity in relation to enzyme-specific test drugs, individuals can be classified as poor (PM), intermediate (IM), extensive (EM) and ultrarapid metabolizers (UM; CYP2D6 only).
From genotyping results, carriers of two CYP2C19 wild-type alleles are predicted to be EMs (gEM), carriers of two dysfunctional alleles are predicted to be PMs (gPM), and heterozygous carriers are predicted to be IMs (gIM) (4 ) .
The situation with CYP2D6 is more complicated. Genotyping allows identification of close to 100% of all PMs (6 -8% in a Caucasian population) (5 ) . However, only 20% of phenotypic UMs (5-10% in a Caucasian population) can be explained by multiplication of an active gene (6 -8 ) . Until recently, the metabolic capacity of a large subgroup of patients with impaired but residual function (IM; 10 -15%) and enzyme function within the largest group (EM) could not be predicted with sufficient precision by genotyping, and a clear-cut gene-dose effect could not be established (7) (8) (9) (10) .
Two alleles have been reported from in vitro studies as possibly playing a key role in the IM and ultraextensive metabolizer phenotype (CYP2D6*41 and *35) (9, (11) (12) (13) . Both alleles have been studied in only a few clinical populations being treated with CYP2D6 substrates (14 -16 ) . The cost/benefit ratio of pretherapeutic CYP2D6 genotyping suffers from the fact that, at present, only ϳ8 -10% of patients genotyped (gPMs and gUMs) would potentially benefit from the procedure (17, 18 ) . In particular, the ability to identify IMs and predict metabolic function within the EM group could change cost/benefit estimations of pretherapeutic genotyping and have substantial clinical impact (10, 17, 18 ) . Few data are available from single-dose in vivo studies with test drugs, and even fewer data are available for clinically treated patients (14, 15 ) . We therefore determined the most important CYP2C19 and CYP2D6 polymorphisms, including *41 and *35, and plasma concentrations of AT and NT in a Caucasian population of 50 depressed inpatients treated for 3 weeks with a fixed dose of AT.
The study sought to answer the following questions:
• Can in vitro results of the relative functional activity of CYP2D6 alleles be verified in clinically treated patients with steady-state concentration data? • (19, 20 ) , be confirmed and applied to a larger group of clinically treated patients?
Materials and Methods patients
The study was conducted as a prospective, double-blind two-center study. It was approved by the Institutional Review Boards and followed the principles of the Helsinki Declaration. Patients were informed of the aims and design of the study and gave written consent. To be included patients had to have at least a medium-grade depressive disorder according to ICD-10 criteria, a Hamilton Depression Scale Ͼ16, and a Beck Depression Inventory Ͼ20. Exclusion criteria were drug or alcohol abuse, clinically relevant severe illness not allowing the use of TCAs (e.g., severe epilepsy, glaucoma, or cardiovascular disease), other relevant psychiatric diseases (e.g., dementia or schizophrenia), pregnancy, and clinically relevant hepatic or renal disease.
Neither genotype nor serum concentrations were known to the treating physicians or the patients during the first 3 weeks. Serum concentrations were available, however, to a study supervisor to ensure that no potentially toxic concentrations under the fixed-dose regimen would go unrecognized.
The clinical data and genotype outcome correlations are described elsewhere (Steimer et al., submitted for publication).
dosing
The AT dose was increased over the first 2 days and was then given at a fixed dose of 150 mg/day (75 mg twice a day; 12-h dosing interval) for the first 3 weeks of treatment. The patients took their medication under supervision to reduce noncompliance. Accompanying medication was allowed, although substances interfering with CYP2D6 or CYP2C19 metabolism were avoided.
blood sampling
Blood samples for measurement of serum AT and NT were taken from a peripheral vein (Serum Monovette ® ; Sarstedt) immediately before the morning dose at ϳ0830 on days 0, 7, 14, 18, and 21 to assure that steady state had been reached. Measurements were performed within a maximum of 72 h after sampling on centrifuged samples stored at 4°C. After 72 h, all samples were frozen at Ϫ20°C.
measurement of serum concentrations
Serum concentrations were measured by either the Emit ® immunoassay specific for AT and NT (Syva; center 1) or a commercial HPLC assay (Bio-Rad Diagnostics Group; center 2 and center 1 for confirmatory measurements). Accuracy was ensured for both centers by regular and successful contributions to an international proficiency testing scheme (Heathcontrol), where both methods performed equally [mean differences between center 1 and center 2 were 1.1% (AT) and 5.5% (NT) vs 1.3% (AT) and 5.4% (NT)]. The limit of quantification used routinely for both assays (AT and NT) was 20 g/L. All results measured were Ͼ20 g/L. The calibration range of the Emit assay was 0 -250 g/L (AT and NT), and for the HPLC it was a one-point calibration (258 and 262 g/L for AT and NT, respectively). The between-day CVs for single routine measurements were as follows:
Emit: For AT, CV ϭ 12% at 39 g/L (n ϭ 107) and 11% at 201 g/L (n ϭ 102). For NT, CV ϭ 11% at 38 g/L (n ϭ 90); CV ϭ 11% at 193 g/L (n ϭ 90) HPLC: For AT, CV ϭ 6.4% at 98 g/L (n ϭ 30) and 6.2%
at 337 g/L (n ϭ 29). For NT, CV ϭ 6.4% at 102 g/L (n ϭ 20) and 5.9% at 354 g/L (n ϭ 20).
To compensate for the differences in precision, all measurements in patient samples by Emit were performed in duplicate. 
statistics
Statistical analyses were performed with SPSS 11.5. We analyzed data with the Kruskal-Wallis H or the MannWhitney U nonparametric ANOVA to establish differences between groups. The reported P values are always two-tailed.
Results patients
The study included 50 psychiatric inpatients (22 males and 28 females). The mean (SD) age was 50.6 (12.1) years (range, 22-74 years), and the mean weight was 69.3 (12.0) kg (range, 47-99 kg). Of the 55 patients originally enrolled, 5 were removed from the study. One patient had bipolar disease with rapid changes to the manic phase, two patients withdrew their consent, one patient developed increased hepatic enzymes, and in one patient sampling for genotyping was missed. Of the remaining 50 patients, 45 reached day 21 of the study. One patient developed a total right-bundle branch block and had to be released from the study on day 9. Two patients discontinued the study on days 14 and 18, respectively, because of lack of improvement and severe side effects. Two more patients discontinued participation on days 14 and 18, respectively. The serum concentrations of these five patients were taken into account by carrying the last observation forward, or mean concentrations between days 7 and 21 were calculated where appropriate. Forty-five patients received a fixed dose of 150 mg/day as planned for the first 3 weeks. In five patients, the dose was changed at the discretion of the treating psychiatrist (one patient was changed to 75 mg/day, 3 patients to 100 mg/day, and 1 patient to 125 mg/day). Any change of dose was at least 4 days before the next blood sampling. Generally, AT and NT concentrations per dose per body weight were used for analysis. Patients were taking a mean of 3.84 medications other than AT.
serum concentrations
On day 21, the mean (SD) concentration per dose unit of AT ϩ NT was 77.3 (31.4) g/L ⅐ kg/mg (range, 30.6 -190.8 g/L ⅐ kg/mg). The corresponding concentrations for NT and AT were as follows: NT, 34.5 (20.0) g/L ⅐ kg/mg (range, 10.1-100.2 g/L ⅐ kg/mg); AT, 42.9 (19.4) g/ L ⅐ kg/mg (range, 13.2-94.9 g/L ⅐ kg/mg). We observed no significant differences between days 7 and 21. The mean CV of the serum concentrations (AT ϩ NT) for all 50 patients between days 7 and 21 was 14%. The mean concentrations on days 7 and 21 were as follows: for AT ϩ NT, 158 g/L on day 7 and 166 g/L on day 21; for AT, 85 and 91 g/L on days 7 and 21, respectively; for NT, 72 and 75 g/L on days 7 and 21, respectively. These values indicate that steady state had been achieved.
CYP2C19
The DNA of one patient was not suitable for PCR analysis of CYP2C19 after several assays and thus could not be included. Of the remaining 49 patients, 1 patient (2%) was identified as a carrier of two null alleles (*2/*2; predicted phenotype, PM), 18 patients (36%) were identified as carriers of one null allele (*1/*2; predicted phenotype, IM), and 30 patients (60%) were identified as carriers of two wild-type alleles (*1/*1; predicted phenotype, EM). The allele frequency of the dysfunctional *2 allele was 20.4%.
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No dysfunctional alleles other than *2 were detected, which is in agreement with previous publications for Caucasian populations (26, 27 ) . Patients with reduced CYP2C19 function (gPMs and gIMs) had higher concentrations of AT but lower concentrations of NT and lower NT/AT ratios than gEMs (see the "Total" rows in Table  4 ). This is plausible because CYP2C19 is believed to be the major enzyme responsible for demethylation of AT to NT (3 ) . The observed differences between gEMs and gIMs were statistically significant regarding the serum concentrations of AT (P ϭ 0.033) and the NT/AT ratio (P ϭ 0.001). Differences in NT just missed statistical significance (P ϭ 0.059). There was no significant trend toward higher total concentrations of the sum of both active compounds (AT ϩ NT) in patients with dysfunctional alleles, neither in the gIM population (P ϭ 0.650) nor in the one gPM patient observed. This can be expected because the effect of CYP2C19 points in opposite directions for AT and NT. CYP2C19 thus influences the ratio but not the summed concentration of both compounds.
CYP2D6
The following CYP2D6 allele frequencies were found: *1 (40%), *2 (28%), *4 (16%), *5 (1%), *1XN (1%), *41 (11%), and *10 (3%). The *35 G3 A polymorphism was found in five patients. Table 1 shows the frequencies of the 11 genotypes (without *35) and the mean concentrations per dose unit per weight and corrected for CYP2C19 genotypes measured between days 7 and 21. These were used for all further analyses.
CYP2D6 allele function
The high number of functionally relevant polymorphisms in CYP2D6 provide a multitude of allele combinations with few individuals for each allele combination. This hampers the statistical analysis of relationships between genotype and drug concentration data.
To overcome this problem, we assessed CYP2D6 function on the allele level rather than the genotype level. Groups of patients identical for one allele but different for the second allele were compared and analyzed to assess whether the difference in the second allele caused a difference in steady-state drug concentrations. For analysis of the effects of dysfunctional alleles (*4, *10, and *41), the two alleles with normal function (*1 or *2) were used as reference.
For example, patients with *1/*41 (test group) were analyzed vs patients with *1/*1 (reference group) (11 ) (see Table 2 ). The individual concentrations of all patients in the reference group (n ϭ 8) and test group (n ϭ 4) were expressed as the percentage deviation from the mean concentration of the reference group (24.7 g/L ⅐ kg/mg; see Table 1 ). These percentage values were termed allelespecific change of concentration on identical background (ASCOC). In the reference group, the ASCOC values scatter around 0% because their own mean value was used as the reference concentration. In the test group, the ASCOC values represent the relative (percentage) change of concentration attributable to the test allele (e.g., *41; see Fig. 1 ). On the basis of the observed genotypes, the effects of *41 were studied on three backgrounds (*1, *2, and *4) and vs the two functionally equivalent alleles, *1 and *2 (six comparisons in total; see Table 2 ). In contrast to absolute concentrations, ASCOC values allow the combined statistical analysis of all observations from these six comparisons because they are standardized and represent the relative (percentage) change of concentration.
This procedure was repeated for the other dysfunctional alleles. This analysis indicated that alleles *41, *10, and *4 have a significant impact on NT concentrations (Fig. 1) .
The *35 allele. We could not identify a uniform trend when we compared dose-corrected NT serum concentrations of heterozygous carriers of the *35 allele with patients not carrying the allele. The mean change of concentration (ASCOC) attributable to the *35 A allele when present in heterozygous individuals was 1.7% (P ϭ 0.851, not significant). The *35 allele was disregarded in the following analysis.
The *2 allele. We compared all groups identical in one allele and displaying either *1 or *2 as the second allele (Table 2 ) as well as *1/*1 with *2/*2. The mean change of concentration (ASCOC) attributable to the *2 allele compared with the *1 wild-type allele was 2.4% (P ϭ 0.957). Overall, we could detect no significant difference in the activity of alleles *1 and *2 (Fig. 1) . Therefore, *1 and *2 were considered equal and were both used as references in the further analysis.
The *41 allele. All groups identical in one allele and displaying either *41 (test group) or *1 or *2 (reference group) as the second allele were compared (Table 2) . Individuals with the *41 allele always had higher NT concentrations per dose unit and when corrected for CYP2C19 than did individuals with the *1 or *2 alleles. All comparisons on the background of a functional allele yielded either highly or at least borderline significant differences. Both comparisons without the background of a functional allele (other allele, *4) did not yield significant results. This was possibly because there were only two patients in that group. The average effect (ASCOC) of the *41 allele compared with *1 or *2 on NT concentrations per dose unit and corrected for CYP2C19 was 39.8% (P ϭ 0.000001; Fig. 1 ), which is equivalent to a 1.95-fold change in the metabolic ratio (see Discussion, 1.398 2 ϭ 1.95; 36.0% when not corrected for CYP2C19). This indicates clinical significance not only when *41 is combined with a nonfunctional allele, as described in the current literature (9, 11 ) , but also in combination with functional alleles. The *10 allele. All three patients with the *10 allele had higher NT concentrations per dose unit and corrected for CYP2C19 than did those with the *1 or *2 alleles. The average effect (ASCOC) of the *10 allele compared with *1 or *2 on NT concentrations per dose unit and corrected for CYP2C19 was 63.3% (P ϭ 0.0009; Fig. 1 ), which is equivalent to a 2.67-fold change in metabolic ratio (MR; 1.633 2 ϭ 2.67; 68.5% when not corrected for CYP2C19).
The *4 allele. Individuals with the *4 allele always had higher NT concentrations per dose unit and corrected for CYP2C19 than did those with the *1 or *2 alleles ( Table 2 ). All comparisons on functionally equal background yielded either highly significant differences or showed a trend toward significance in most cases. The mean effect (ASCOC) of the *4 allele on NT concentrations per dose unit and corrected for CYP2C19 was 95.6% (P ϭ 5 ϫ 10 Ϫ13 ), which is equivalent to a 3.83-fold change in MR (1.956 2 ϭ 3.83; 101.0% when not corrected for CYP2C19). This clearly demonstrates clinical significance not only when combined with a second dysfunctional allele but also in combination with functional alleles.
functional gene dose
From the results reported above, it is possible to calculate a quantitative "functional gene dose" (FGD). We defined FGD as 2 divided by the relative concentration expected for a specific allele combination. For the wild type with two functional alleles, this gives a functional gene dose of 2, which is, in this case, set arbitrarily for two functional genes divided by 1, which is the relative concentration expected for the homozygous wild type. If FGD is similarly calculated for other allele combinations, the results are as follows: To allow comparison with published data, we assigned a semiquantitative gene dose (SGD) of 1 for functional alleles, 0 for completely dysfunctional null alleles (e.g., *4), and 0.5 for the *41 and *10 alleles. On the basis of conventional classification (genotype-predicted phenotype), our patient population consisted of 1 gUM, 3 gIMs, and 46 gEMs. Because of the small numbers in two of the three groups, only borderline significance was found when NT concentrations were analyzed (P ϭ 0.047). Instead, five groups could be formed based on SGDs (Table 3) , which led to highly significant concentration differences (P ϭ 0.000008).
combined effects of cyp2c19 and cyp2d6
The combined influence of CYP2C19 gene dose and CYP2D6 SGD is shown in Table 4 . A significant difference in the mean values for NT, AT ϩ NT, and the NT/AT ratio, but not AT, was observed. Particularly, NT and the NT/AT ratio displayed uniform patterns with higher values for low CYP2D6 SGDs and high CYP2C19 gene doses not only in the total values but in every column and line (Table 4 ). There was one exception, a patient with a CYP2D6 SGD of 3 who displayed unusually high AT concentrations. The total concentration of AT ϩ NT is determined by CYP2D6 SGD but not CYP2C19 gene dose. A multivariate linear regression model including age, sex, CYP2D6 SGD, and CYP2C19 gene dose showed that only CYP2D6 SGD (P ϭ 0.00001; partial 2 Pillai's trace ϭ 0.361) and CYP2C19 gene dose (P ϭ 0.02; partial 2 Pillai's trace ϭ 0.187) contributed significantly to the model predicting NT concentrations per dose unit and weight.
dose recommendations
The mean concentrations achieved between days 7 and 21 (corrected for the five patients receiving doses other than 150 mg/day) were 91 g/L AT, 78 g/L NT, and 169 g/L AT ϩ NT. The corresponding values corrected for dose and body weight were 41.6, 34.1, and 75.4 g/L ⅐ kg/ mg, respectively. If one assumes that our patients achieved a representative mean concentration, dose recommendations can be derived from SGD-specific concentrations per dose unit. On the basis of AT ϩ NT and the CYP2D6 SGD, the following doses relative to the applied The mean ASCOC is 0%, by definition, for all reference groups. The *2 allele (*2 test group) was compared with the *1 allele (*2 reference group), and *41, *10, and *4 were compared with all functional alleles (*1 or *2). The differences in mean ASCOC values were highly significant for *41, *10, and *4 (Mann-Whitney U-test). NS, not significant.
standard dose can be calculated: for SGD of 0.5, dose ϭ 74% of standard; for SGD of 1.0, dose ϭ 84% of standard; for SGD of 1.5, dose ϭ 100% of standard; for SGD of 2, dose ϭ 126% of standard. Targeting just NT concentrations, as in NT therapy, the recommended doses would be as follows: for SGD of 0.5, dose ϭ 57% of standard; for SGD of 1.0, dose ϭ 75% of standard; for SGD of 1.5, dose ϭ 99% of standard; for SGD of 2, dose ϭ 152% of standard. In the future, ASCOC values and FGDs may be used to directly derive allele-specific dose recommendations.
Discussion ascoc and fgd
In previous studies individuals have been classified as poor, extensive, or ultrarapid CYP2D6 metabolizers according to their metabolic activity exerted on specific test drugs such as debrisoquine or sparteine (28 -30 ) . The genetic basis of this pharmacokinetic variability has been investigated extensively. It is generally accepted that individuals with the PM phenotype carry two completely dysfunctional alleles. The genotype/phenotype correlation for all other phenotypes has been less apparent. Only 20% of all phenotypic UMs can currently be predicted by genotyping from multiplication of a functional allele (*1 or *2) (6 -8 ) .
Most importantly, the genetic basis of the large variation within the EM phenotype, including the subgroup of IMs, has not been obvious. The phenotype ranges (MRs of test drugs) for carriers of one or two functional alleles overlap extensively, and a clear-cut gene-dose effect has not been established (7) (8) (9) . Although alleles with reduced function associated with the IM phenotype have been identified (*9 and *10) (31, 32 ) , their frequency was too low to provide a sufficient explanation in Caucasians. Recently, a new mutation in the CYP2D6 5Ј-flanking region associated with a functional bimodality of the frequent *2 allele was described (*41) (9, 11 ) . Together with the alleles *9 and *10, the presence of *41 may explain the majority of IMs in Caucasian populations when present in combination with a completely dysfunctional 0 allele. However, the gIM subgroup, as defined above, accounts for only a small portion (10 -15%) of the total EMs. All carriers of one or two functional alleles and combinations of alleles with reduced and normal function are allocated to the gEM group without further differentiation. Moreover, there seems to be no agreement, as yet, regarding the use of the term IM (predicted from geno- a Shown are mean differences in NT concentrations between days 7 and 21 corrected for dose, body weight, and CYP2C19 (see Table 1 ).
b P values obtained when we compared the different groups by a Mann-Whitney U-test (two-sided exact significance). c Significant difference (P Ͻ0.05). (14, 33, 34 ) . To date, the focus has been on finding correlations between CYP2D6 genotypes and the four populations that can be differentiated by several test drugs. Phenotyping with test drugs has been a valuable research tool, but it has been shown that there are substantial differences in the discriminatory power for CYP2D6 activity among the different test drugs in use (7, 8 ) , and it is plausible to assume that therapeutic drugs are also different in that regard. It may therefore be more promising to directly study correlations between CYP2D6 genotype and its effects on therapeutic drugs rather than taking the roundabout way of assigning four predicted phenotypes with regard to test drugs. Dose recommendations could possibly be given more precisely when they are derived directly from the exact genotype rather than from testdrug-related phenotype or genotype-predicted phenotype, as suggested in a recent review (19 ) .
In preselected populations designed to detect CYP2D6-related pharmacokinetic differences (33, 34 ) , trimipramine and doxepin clearance differed significantly between carriers of two or only one functional allele. However, alleles with reduced function (*9, *10, and *41) were not considered, and single-dose studies in highly controlled populations of volunteers may not predict the real therapeutic relevance of genomic variations when patients are treated chronically with drugs because of nonlinear kinetics, tolerance, and/or compensatory homeostatic mechanisms. Clinical studies must be performed in the actual clinical environment in which the pharmacogenetic test is likely to be used (17 ) . Two studies have quantitatively examined the correlation between CYP2D6 gene dose (number of functional genes) and NT concentrations (35, 36 ) . Murphy et al. (36 ) also tested for an allele with reduced function (*10), arbitrarily assigned a mutation score of 0.5 to this allele, and showed a correlation between a mutation score and NT concentrations. However, both studies had not tested the *41 allele.
Studies in clinical patients have concentrated on PMs and UMs because potential benefits from pretherapeutic genotyping were expected to be most pronounced in individuals with extreme pharmacokinetics and because precise prediction of metabolic capacity within EMs has not been possible up to now (7) (8) (9) . Because of their low prevalence (8 -10% in a Caucasian population), 10 individuals must be genotyped to predict 1 PM or UM. This caused difficulty in demonstrating cost-effectiveness because the cost of therapeutic failure or adverse events in these patients is ill defined at present (17, 37 ) . Therefore, except for a few specialized academic centers, pretherapeutic genotyping for CYP2D6 is currently not an accepted clinical tool for individualizing psychoactive drug therapy (37, 38 ) .
The high number of alleles affecting enzyme function and the resulting plethora of genotypes has made it extremely challenging to assess the effects of CYP2D6 polymorphisms on therapeutic drug concentrations on a genotype level. Even in large studies, only a few individuals share the exact same allele combination (5, 8 ) . To increase group size, many clinical studies involving therapeutic drugs report correlations between genotype-predicted phenotypes or the number of functional alleles and concentration (39 -41 ) . This practice, however, sacrifices important information inherent to all studies using genotyping and serum concentrations.
We demonstrate here that accurate predictions of serum concentrations are possible from CYP2D6 genotyping data even within the group of gEMs. It is startling that this can be demonstrated on the background of extra variability by another polymorphic enzyme (CYP2C19).
Calculating ASCOC values increases the statistical power of genotype-based comparisons substantially by combining allele comparisons on various background alleles. Table 5 summarizes some key issues to consider when comparing the different methods to predict serum concentrations of therapeutic drugs from genotyping data. In our clinical population, the calculation of ASCOC values confirmed functional equivalence of the *2 and the *1 wild-type alleles as described previously (11 ) . No change in concentration was found for *35, an allele that has been suggested to contribute to enhanced ultrarapid metabolism (13 ) . In contrast, we report significantly higher NT concentrations for the dysfunctional alleles *41, *4, and *10 regardless of the second allele present.
Instead of counting the number of "functional" alleles and designating that number as the gene dose, we used the ASCOC values to calculate a quantitative FGD corresponding to the expected mean effect of an allele combination on the concentration of NT.
To facilitate comparison with published results, the quantitative data from ASCOC values and FGDs were simplified and SGDs were assigned. Highly significant differences in NT concentrations could be detected between the four subgroups of patients conventionally classified as gEMs and gIMs. In agreement with previous in vitro (11 ) and in vivo findings in NT-treated patients (36 ), we show highly significant and possibly clinically relevant differences for carriers of one or two functional alleles. We also provide the first evidence that carriers of a fully functional allele combined with an allele with reduced function can be distinguished from individuals with two functional genes (SGD, 1.5 vs 2.0).
In the future, ASCOC values could be used to individually predict serum concentrations for each allele combination rather than for (semiquantitative) gene-dose groups or genotype-predicted phenotypes. Once exact ASCOC values are established, they can be used to give dose recommendations, even taking into account subtle concentration differences as observed between *41 and *10 (concentrations, 40% or 63% of the standard). The concept facilitates metaanalyses, allows detailed and precise comparisons of the effects of polymorphic enzymes on different drugs, and could be useful for assessing interactions among drugs competing for the same polymorphic enzyme (comparison of comedication on identical genetic background) (42 ) . This approach could generate more meaningful data than comparing genetically mixed populations and could help to limit study population sizes.
Two points need mentioning: (a) the results of this study are derived almost exclusively from EMs and IMs and cannot be extrapolated to PM or UM populations at present; and (b) when comparing our results for NT with MRs from the application of test drugs, the fact that MRs are calculated as the concentration of a test drug divided by the concentration of the metabolite formed must be considered. Therefore, MRs overestimate the effect of a functional change of an enzyme because this change is taken into account twice. A change in enzyme function increasing the parent drug concentration consecutively leads to a reduced metabolite concentration. Therefore, the best estimate for the effect of a change in the MR for a therapeutic drug is ͌ MR rather than MR or logMR.
combined effects of CYP2C19 and CYP2D6
Both CYP2D6 (SGD) and CYP2C19 gene dose influence AT, NT, and AT ϩ NT steady-state concentrations per dose unit and the NT/AT ratio. The sum concentration of AT ϩ NT is influenced predominantly by the change in NT concentration resulting from CYP2D6 polymorphisms. CYP2C19 influences both AT and NT concentrations, but any change in activity increases the concentration of one compound while decreasing the other, thus exerting no net effect on the total concentration of both compounds (Table 4 ). CYP2C19 predominantly determines the ratio between those two compounds.
The sum AT ϩ NT is used to guide AT therapy by therapeutic drug monitoring (2, 43 ) , which implicates that CYP2D6 but not CYP2C19 genotyping may be useful in AT therapy. However, our Caucasian population consisted almost exclusively of CYP2C19 heterozygotes and only one patient with two dysfunctional alleles. CYP2C19 may have a greater impact in Asian populations with a higher number of PMs, where only little NT is formed and other pathways of elimination may predominate (39 ) .
dose recommendations
The results of this study build on the sparse data on AT available in a recent report discussing CYP2C19-and CYP2D6-dependent dose recommendations (19 ) . Following the current practice of guiding therapy with the sum concentration of AT ϩ NT, the calculated optimum doses vary from 74% to 126% of the standard dose (CYP2D6 SGD of 0.5 and 2.0). Because no influence of CYP2C19 on the total concentration of AT ϩ NT could be shown, dose recommendations regarding this enzyme do not seem to be relevant for gIMs and gEMs.
Should it be demonstrated that AT or NT alone correlates with clinical outcome, it may be useful to devise CYP2C19-based dose recommendations for AT and NT or CYP2D6-based recommendations for NT. For NT-based therapy, similar numbers may be expected. It is interesting to note that individuals with a CYP2D6 SGD of 1.5 displayed the exact mean concentration obtained for the whole population, indicating that the standard dose was optimal for this group of patients. Average doses recommended by the manufacturer may be considered as the pragmatic results of large-scale studies performed with genetically mixed populations. In Caucasians, this probably leads to doses suboptimal for carriers of two fully functional genes because of the unrecognized presence of PMs and IMs in the study populations (19 ) .
One point regarding dose recommendations should not be forgotten. It is clear that an optimum initial dosing strategy will have to include not only genotypes but also body weight and possibly other factors. 
